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Abstract 
Metalworking fluids (MWFs) are needed to cool, to lubricate and to remove chips from the processing zone. In most cases, the 
finite resource mineral oil is the raw material for those MWFs. The use of mineral oil based MWFs in normal and high performance 
metal processing is often associated with functional, economic and environmental disadvantages. A possible sustainable alternative 
can be polymers diluted in water, but the decisive factor is the ability to achieve similar or better process performances than 
conventional MWFs. This paper investigates the technological suitability of a MWF based on polymers in comparison to 
conventional MWFs in abrasive machining processes. 
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1. Introduction 
1.1. Metalworking fluids for machining processes 
Metalworking fluids (MWFs) are of high importance 
in metal machining or forming processes due to the 
intensive contact between tool and work piece. In this 
processes high forces are applied and new surfaces on 
tool and work piece are continuously created. A MWF is 
therefore defined as a substance which is used to support 
metal machining processes, forming processes or to 
influence the material structure [1]. 
The selection of the applied MWF respectively the 
used lubrication concept depends on the tool material, 
the work piece material, the machining process and the 
process parameters. According to DIN 51385 MWFs are 
composed of the two major components basic fluid and 
additives [2]. The basic fluids are either oil or water 
based fluids. The oil based MWFs consist mainly of 
mineral oil, alternatively synthetic or vegetable oils can 
be used. The water based fluids can be divided into 
dilutions and emulsions. The water based dilutions are 
generally clear and chemically stable fluids composed of 
water and non-organic and/or organic substances. A 
water based emulsion is a milky and stable disperse 
mixture. E.g. mineral oil, plant oil ester or animal fat 
esters can be emulsified into water. The additives are 
added to the base fluid to improve the fluid 
characteristic. Additive free base fluids can only be used 
under restrictions as cutting fluids, because the geometry 
of chip formation, the high pressures and the 
temperatures do not permit a separation of the friction 
surface. The additives are necessary to excite chemical 
reactions which enable easily shearable boundary layers 
[1]. The additives can be divided into enhancer of 
physical and/or chemical fluid characteristics, 
furthermore into tribological active additives [3]. 
1.2. Drivers of the metalworking fluid development 
The employment of MWFs in industrial metal 
processing is conducted in a versatile field of tension 
regarding functional, economic and ecological aspects. 
These three aspects can be viewed as development 
drivers, which expand constantly the current 
development status of MWFs (as shown in Fig. 1). A 
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challenge in this development process is that these three 
dimensions are often difficult to implement at the same 
time. Or, it may not be possible to develop an existing 
product any further, so it can meet the current needs.  
 
Fig. 1. Aspects and drivers of the MWF development 
An example is the case of mineral oil based cutting 
fluids. In 2010 about 0.88 % of the worldwide mineral 
oil consumption was used to formulate lubricants (based 
on [4], [5]). On the one hand, the machine tool 
manufacturer and the user of the MWF have knowledge 
and experience about the behaviour of mineral oil based 
lubricants. This is reflected in standards and guidelines. 
For example machine tools are designed and optimized 
for the use with mineral oil-based lubricants (VDI 3035) 
and the user knows how to analyse (DIN 51834), handle 
(VDI 2897), use and dispose (VDI 3397) the MWFs. On 
the other hand, through a high competitive pressure, the 
material costs have to be reduced or kept constant, while 
an increased productivity is required. However, the price 
development of the raw materials for MWFs counteracts 
this demand. E.g., between 2000 and 2010, the price of a 
barrel crude oil rose by about 64% [4]. Also the 
requirements concerning production accuracy and 
quality of the manufactured components are increasing 
[6]. On the one hand, the use of non water miscible oil 
based MWFs leads to a high surface quality of the 
machined components due to the good lubrication 
properties. But on the other hand, these fluids have a 
relatively poor thermal conductivity and the MWF 
temperature rises quickly to a comparatively high level. 
To prevent the heat problem, mineral oil based 
emulsions can be used. These fluids have a good cooling 
effect, but have only poor lubricating properties.  
Another challenge is the consideration of high safety 
standards and regulations for the protection of human 
health and environment. For example, human health may 
be negatively affected by direct contact of MWFs with 
the skin, which can lead to occupational skin diseases 
[7], or by inhalation of fine mists of the fluid, which can 
trigger allergic respiratory diseases [8]. The environment 
is negatively affected by the extraction, processing, 
utilisation and disposal of mineral oil based products [9], 
[10]. In this context, extensive international (Regulation 
(EC) No 1907/2006 / REACH) and national (Hazardous 
Substances Ordinance – GefStoffV) regulations 
regarding the production and handling of lubricants 
exist, so that the environment risk is minimized.  
To solve these challenges, which arise through the 
new requirements by the functional, ecological and 
economic aspects, two strategies of sustainable 
development can be applied: efficiency and consistency. 
The efficiency strategy can be implemented through the 
use of minimal quantity lubrication or dry processing. 
However, these two options are not technically and 
economically viable for all machining processes, 
especially not for high performance cutting processes. 
To overcome this drawback the consistency strategy can 
be applied through the use of ecologically benign 
MWFs. Such fluids can be made for example based on 
biopolymers, glycerol, vegetable oils or animal fats [11]. 
But the decisive factor is the ability of the ecologically 
benign substitute to achieve similar or better process 
performance compared to conventional MWFs.  
Promising substitutes are MWFs based on 
biopolymers. Biopolymers are natural resources which 
are composed of monomers. Already minimal amounts 
of polymers lead to a considerable increase of the MWFs 
viscosity and therefore enable to specifically adjust and 
set the viscosity of water to any preferred level [12]. A 
further advantage is the industrial availability. Bio-
polymers are used in various forms as supplements in 
products (e.g. enzymes in washing detergent or starch in 
organic food) [12]. In alignment with the required 
functional aspects, polymer based MWFs have the 
potential to be an optimal water miscible base fluid; it 
combines lubricating and cooling properties. 
The intention of this work is to investigate the effects 
of new ecologically benign MWFs on the basis of 
polymer diluted into water to substitute conventional 
mineral oil based MWFs in the case of grinding. 
2. Materials, Methods and Experimental Details 
2.1. Work piece material 
The work piece material consists of solid shafts made 
of hardenable carbon alloy steel with the designation 
1.3505 (DIN 100Cr6). After annealing at temperatures 
between 830 - 870 °C the material was quench hardened 
and straightened to an outer diameter of 50 mm. The 
material has a surface roughness of 62 HRC. 
Metal-
working
fluid
Functional aspects
- Surface roughness
- Machining accuracy
- Corrosion protection
- Heat transfer
-etc.
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2.2. Machine tool, tools and cutting conditions 
The technical evaluations were carried out on a 
Studer S40 CNC universal cylindrical grinding machine. 
The machine has two spindle motors for external 
grinding, the first spindle has a maximum power of 9 
kW and a maximum cutting speed of 50 m/s, the second 
spindle has a maximum power of 15 kW and a 
maximum cutting speed of 140 m/s.  
The series of experiments were performed with an 
aluminium oxide grinding wheel and with a cubic boron 
nitride (CBN) grinding wheel. Both tools were vitrified-
bonded with a straight profile. These two types were 
selected to determine the influence of the MWFs on the 
grinding wheel wear and the resulting surface roughness. 
The aluminium oxide grinding wheel bonding has a 
relative soft hardness degree, while the bonding of the 
selected CBN grinding wheel has a relatively high 
hardness. In the context of the experiments four 
experimental series were performed to compare the 
different MWFs. These four experimental series differed 
in the used specific removal rates. The different specific 
removal rates were Q'w = 2.5–5.0–7.5–10.0 mm3/mms. 
In each series experiments were carried out in six steps 
until a specific metal removal rate by cutting of 
V'w = 1200 mm3/mm was reached. After each step the 
surface roughness was measured. The test series was 
stopped after the measured surface roughness Rz was 
higher than 10 μm. After exceeding the abort criterion or 
after ending the series of experiments the wheels were 
dressed with a CNC dresser under equal conditions. The 
process parameters are shown in Table 1.  
Table 1.Specification of the tools and cutting data. 
Grinding mode External cylindrical grinding 
Tool material Aluminium oxide Cubic boron nitride  
Tool specification A 120 K10 V3 50 B 107 VSS T 140 
Bond type Vitrified 
Tool diameter, ds (mm) 400.0 
Cutting speed, vc (m/s) 45.0 100.0 
Work speed, vw (m/s)  0.45 1.0 
Spec. material removal 
rate, Q'w (mm3/mms) 
2.5; 5.0; 7.5; 10.0 
Dressing ratio, qd (-) + 0.4 
Dressing infeed, aed (μm) 10.0 2.0 
Dressing overlap, Ud (-) 5 
2.3. Process cooling and lubrication  
The series of experiments were accomplished with 
three different MWFs. The first fluid is a mineral oil 
respectively grinding oil. The grinding oil is a non water 
miscible MWF with a comparatively high viscosity of 
Ȟ40°C = 10.9 m2/s. The fluid is recommended for cutting 
of heat-treated and case-hardened steels. The second 
fluid is a water miscible polymer dilution, which is 
recommended for high performance grinding processes 
(Ȟ40°C = 4.8 m2/s). The third MWF is a water miscible 
mineral oil based emulsion with a concentration of 8.0 % 
(Ȟ40°C = 1.2 m2/s). The fluid is especially designed for 
difficult machining of steel. The grinding oil and mineral 
oil based emulsion were chosen to reflect the state of the 
art and to present the respective characteristics, 
regarding cooling and lubrication, in comparison to the 
new polymer dilution. The polymer dilution combines 
good lubricating and cooling properties. Whereas the 
grinding oil has poor cooling but good lubricating 
properties and the mineral oil based emulsion has good 
cooling but low lubricating properties.  
The MWF was applied via a tangential nozzle into the 
contact area and the grinding wheel was cleaned by a 
cleaning nozzle. The MWF flow rate was adjusted 
according to the respective cutting speed. Thus, the flow 
rate was 73 l/min when using the aluminium oxide 
grinding wheel, and 163 l/min when using the CBN 
grinding wheel. The MWF delivery pressure was 30 bar. 
2.4. Measurement devices  
The measurement of the cutting power was performed 
with a three phase power meter type PPC-3 from ‘Load 
Controls’. The PPC-3 is a portable power measuring 
device and allows measurements with a high temporal 
resolution of 15 ms. The analog signal from the power 
meter was recorded through an A/D converter from 
National Instruments on a standard laptop PC with a 
LabView based data acquisition and processing 
software. The surface roughness values Rz and Ra were 
measured at four different points at the work piece with 
a T1000 basic surface measurement device from 
Hommel-Etamic. Furthermore, the radial grinding wheel 
wear ǻrs was measured. Therefore, after each infeed the 
grinding wheel ground into a steel plate (0.25 mm). 
Then the grinding wheel profile was measured through 
the thin steel plates with a measuring probe. 
3. Results 
3.1. Aluminium oxide grinding wheel 
Fig 2 shows the measured average roughness Rz, the 
arithmetic average roughness Ra, the radial grinding 
wheel wear ǻrs and the cutting power Pc of the 
experiments. The results are plotted against the specific 
material removal rate Q'w and the specific volume of 
metal removed V'w. 
The increase of the specific removal rate shows that 
the three MWFs have different effects on the measured 
surface roughness of the work piece. Initially, at a 
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specific material removal rate of Q'w = 2.5 mm3/mms 
there is no significant difference regarding the measured 
surface roughness. But at a specific material removal 
rate of Q'w = 5.0 mm3/mms a clear difference is 
recognizable between the use of the mineral oil emulsion 
on the one hand and the polymer dilution and the 
grinding oil on the other hand. At a specific material 
removal rate of Q'w = 7.5 mm3/mms, the series of 
experiments using the mineral oil-based emulsion was 
stopped after reaching a specific volume 
(V'w = 1000  mm3/mm) of metal removed, because the 
abort criterion has been exceeded. In the case of the 
polymer dilution the measured surface roughness 
increases substantially higher compared to the grinding 
oil. At the last increase of the specific removal rate of 
Q'w = 10.0 mm3/mms the tests, when using water based 
MWFs, were stopped due to an exceedance of the abort 
criterion. In the case of the mineral oil based emulsion 
this point was reached at V'w = 400 mm3/mm and in the 
case of the polymer dilution at V'w = 1000 mm3/mm.  
The use of the grinding oil with the aluminium oxide 
grinding wheel only leads to a marginal increase of the 
surface roughness over the whole series of experiments. 
The variation of the applied MWF has a significant 
influence on the tool wear and hence the tool life. In 
particular, the radial grinding wheel wear was strongly 
influenced by the different MWFs. A lesser effect of the 
different MWFs was determined on the level of the edge 
wear of the grinding wheel. The change in the radial 
grinding wheel wear is associated with the trend of the 
measured surface roughness. When using the mineral oil 
based emulsion a significant wear is already detectable 
at a specific removal rate of Q'w = 5.0 mm3/mms, 
whereas the use of the polymer dilution starts showing 
an increased wear at a specific removal rate of 
Q'w = 7.5 mm3/mms. The use of the grinding oil leads to 
a marginal increase of the radial grinding wheel wear. 
The different trends of surface roughness or the radial 
wear can be attributed to the different lubrication 
capabilities of the three MWFs. An increase in the 
lubricating effect has effects on the cutting edge of the 
abrasive grit, so that increased inelastic-plastic 
deformation occurs. This results in a reduction of the 
surface roughness and the friction forces [14]. Grinding 
oils have a high lubricating effect, while mineral oil 
based emulsions only have a small lubricating effect. 
According to the experimental results, the lubricating 
effect of the polymer dilution lies between that of the 
emulsion and the grinding oil.  
The cutting power value is another option to 
demonstrate the influence of the different MWFs. The 
resulting values for the cutting power are influenced on 
the one hand by the grinding wheel wear and on the 
other hand by the MWF itself. Thus, with increasing 
radial wear of the grinding wheel the cutting power 
decreases. This is particularly evident in the decrease of 
the cutting power when using the mineral oil based 
emulsion or the polymer dilution. When using the 
grinding oil the radial wear is comparatively lower and a 
steady increase in the cutting power can be detected. The 
previously mentioned influence of the MWF on the 
cutting power can be recognized at a specific removal 
  
  
Cutting speed: vc = 50 m/s  
Grinding width: ap = 5 mm  
Spec. material removal rate: Q'w = 2.5; 5.0; 7.5; 10.0 mm3/mms 
Spec. removed material: V'w = 200 mm3/mm 
Dressing ratio: qd = +0,4  
Dressing infeed: aed = 10 μm 
Process: External cylindrical grinding  
Tool: Aluminium oxide, vitrified bonded  
Specification: 454A 120 K10 V3 50 
Work piece: 1.3505 - 62 HRC  
Coolant amount: 74 l/min  
Coolant nozzle type: Tangential nozzle 
Fig 2. Effects of different MWFs when using an aluminium oxide grinding wheel. 
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rate of Q'w = 2.5 mm3/mms. At this point the radial 
wear is for all MWF quite low, but at the same time 
different values for the cutting power can be determined. 
Thus, the use of the mineral oil based emulsion leads to 
comparatively higher cutting power than when using the 
polymer dilution or the grinding oil. It can be assumed 
that this effect is also due to the different lubrication 
properties of the MWF. 
3.2. CBN grinding wheel 
Fig 3 shows the effects of different MWFs on the 
measured average roughness Rz, the arithmetic average 
roughness Ra, the radial wear of the grinding wheel ǻrs 
and the cutting power Pc when using a CBN grinding 
wheel. The measured data of the experimental series are 
plotted against the specific material removal rate and the 
specific volume of metal removed by cutting. 
In comparison to the surface roughness values when 
using the aluminium oxide grinding wheel, the increase 
of the measured surface roughness when using different 
MWFs, is comparatively low. This effect is associated 
with the high bond hardness of the CBN grinding wheel, 
so that the grinding wheel wear is relatively low even at 
high specific material removal rates. Especially when 
employing the grinding oil, no significant increase can 
be determined over the entire series of the experiment 
regarding the measured surface roughness. When using 
the mineral oil based emulsion and the polymer dilution 
a marginal increase of the surface roughness is 
recognizable, starting with a specific removal rate of Q'w 
= 5.0 mm3/mms. This can be recognized under the 
further consideration of the radial grinding wheel wear 
and the cutting power. Thus, the radial wear increases 
when using the two water-based MWFs compared to the 
grinding oil. At the same time, with increasing specific 
volume of metal removed by cutting, the cutting power 
decreases marginally. 
4. Discussion 
The comparison of the three different MWF is 
partially restricted due to the different lubricity, viscosity 
and used additives. But the series of experiments still 
allows an assessment of the functional behaviour of the 
three different MWFs. Further measurands, e.g. the heat 
input into the work piece, could be considered to 
increase the significance of the results. In the case of the 
heat input, this would allow statements about possible 
microstructure influences or thermally induced 
manufacturing errors that arise from the different heat 
capacities and thermal conductivities of the MWFs. 
Furthermore, the presented results are only valid for the 
use of vitrified-bonded grinding wheels. The effects of 
the three different MWFs on the process behaviour when 
using 
 
 
Cutting speed: vc = 100 m/s 
Grinding width: ap = 5 mm  
Spec. material removal rate: Q'w = 2.5; 5.0; 7.5; 10.0 mm3/mms 
Spec. removed material: V'w = 200 mm3/mm 
Dressing ratio: qd = +0.4  
Dressing infeed: aed = 2 μm 
Process: External cylindrical grinding  
Tool: CBN, vitrified bonded  
Specification: B 107 VSS T 140  
Work piece: 1.3505 - 62 HRC  
Coolant amount: 164 l/min  
Coolant nozzle type: Tangential nozzle 
Fig 3. Effects of different MWFs when using a CBN grinding wheel.
 Marius Winter et al. /  Procedia CIRP  1 ( 2012 )  393 – 398 398
 
different types of grinding wheel bonds and thus on 
the wear behaviour have to be tested. In this context, 
grinding experiments of solid carbide drills with a metal 
bonded grinding wheel have shown that the use of the 
polymer dilution leads to a significantly longer tool life 
and thus reduced wheel wear as compared to the use of a 
grinding oil or a mineral oil based emulsion [15]. 
5. Conclusion 
When using aluminum oxide vitrified-bonded 
grinding wheels, the use of cutting oil, even at high 
specific material removal rates leads to a good surface 
roughness, a low wear and a constant cutting power. The 
behaviour of water based MWFs are different; their use 
leads (when grinding with high specific material 
removal rates) to relatively a poorer surface quality and 
also to a high radial tool wear. Thus, the use of the 
polymer dilution in vitrified aluminum oxide grinding 
wheels is better than the use of a mineral oil based 
emulsion, but more disadvantageous than the use of 
grinding oil. When using a vitrified bonded CBN 
grinding wheel, the employment of water based MWFs 
leads to marginally poorer surface roughness and only to 
slightly higher radial grinding wheel wear in comparison 
to the non-water based grinding oil. Similar results were 
also obtained by Tönshoff [16] and Althaus [17] in the 
context of experiments with vitrified-bonded grinding 
wheels under the use of grinding oil and mineral oil 
based emulsion. 
Against the background of these experiments and the 
aspects and drivers in the MWF development presented 
in Fig. 1, the polymer dilution can be classified as 
following. In the context of the functional aspects and 
drivers the use of the polymer dilution (in the case of 
vitrified-bonded grinding wheels) leads to comparable or 
better results than a mineral oil based emulsion or a 
grinding oil. Regarding the ecological aspects and 
drivers significant advantages could be determined 
through the use of the polymer dilution in comparison to 
conventional mineral oil based MWFs [18]. In terms of 
the economic aspects and drivers the use of the polymer 
dilution can also be classified on the same or better level 
as conventional mineral oil based lubricants because the 
polymer dilution is sold at comparable prices to 
conventional MWFs. In summary, the use of the 
polymer dilution can be considered as a sustainable as 
well as a functional and economic alternative to 
conventional mineral oil based MWFs within the normal 
and the high performance metal processing. 
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